This review provides a detailed overview of the state of the art in tip-enhanced Raman spectroscopy (TERS) and focuses on its applications at the horizon including those in materials science, chemical science and biological science. The capabilities and potential of TERS are demonstrated by summarising major achievements of TERS applications in disparate fields of scientific research. Finally, an outlook has been given on future development of the technique and the mechanisms of achieving high signal enhancement and spatial resolution.
Introduction
Tip-enhanced Raman spectroscopy (TERS) combines the chemical sensitivity of surface-enhanced Raman spectroscopy (SERS) with high spatial resolution of scanning probe microscopy (SPM) and enables chemical imaging of surfaces at the nanometre length-scale. The concept of TERS was first proposed by Wessel in 1985 [1] , and it was experimentally realised in 2000 [2] [3] [4] [5] . Since then TERS has rapidly progressed to become a non-destructive scanning probe microscopy tool for surface chemical characterisation [6] , and opened up the opportunities to study single macro-molecules with sub-nm spatial resolution [7] . Over the last 15 years, the technique has been used to study scientific problems in biology [8] , photovoltaics [9] , catalysis [10] , semiconductors [11] , carbon nanotubes [12] , graphene [13] and single molecule detection [7] .
Unlike electron spectroscopy and microscopy techniques such as scanning electron microscopy (SEM), transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) that require vacuum for their operation, TERS can be used in ambient environment and it is well-suited for the investigation of samples in aqueous mediums [14, 15] . Although super-resolution fluorescence microscopy techniques can be used for imaging of biological samples below the diffraction limit, the fluorescent labels prevent the observation of samples in their native state [16] . Being a label-free technique, TERS can be used to study the molecules directly particularly for investigating chemical composition and molecular dynamics in biological samples. Therefore, as outlined in the later part of this review, TERS applications on biological samples such as pathogens [17] , lipid and cell membranes [18] , nucleic acids [19] , peptides [20] and proteins [21] have drawn a significant interest.
This review aims to describe the recent progress in using TERS to obtain novel insights in all the areas of application explored so far. This article is divided into two parts. In the first part, an introduction to TERS principles and instrumentation is presented, and the second part focusses on the applications of TERS in biology, catalysis, polymer-blends, semiconductors, 1-D and 2-D materials and single molecule detection. An attempt has been made to catalogue the significant applications of TERS in diverse areas of scientific research in order to provide a snapshot of the current state-of-the-art.
TERS principles and instrumentation
The principle of TERS is schematically shown in Fig. 1 . A sharp metal or metal-coated SPM tip is positioned at the centre of a laser focus, and the electromagnetic (EM) field at the tip-apex is confined and enhanced due to a combination of localised surface plasmon (LSP) resonance and lightning rod effect. This increase in EM field enhances the Raman signal from the molecules in the vicinity of the tip-apex and enables nanoscale chemical imaging of a surface, overcoming the diffraction limit of SERS and conventional Raman spectroscopy.
Signal enhancement
Sensitivity and resolution in TERS are mainly interpreted in terms of electromagnetic enhancement mechanism [22] , although signal enhancement due to chemical interaction of a TERS tip with the sample has also been reported [23] . The observed EM enhancement at the tip-apex arises from a combination of localised surface plasmon (LSP) resonance and antenna effect that result in a locally confined and enhanced electric field [24] , as shown in Fig. 2a . An even greater localised electrical field enhancement is observed at the tip-apex when the LSP wavelength of the tip-apex matches with the wavelength of the excitation laser. Further details of tip-enhancement can be found in the book by S. Kawata and V. M. Shalaev [25] .
The LSP wavelength of the TERS tip can be tuned by changing the material, radius or roughness of the tip-apex, which can then be matched with the wavelength of the excitation laser. At resonance, the intensity of observed electrical field at the tip-apex is The LSP resonance at the tip-apex between the tip-LSPs and laser-photons enhances and confines the EM field resulting in the enhancement of Raman signal from the analyte molecules in the immediate vicinity of the tip-apex several orders of magnitude higher than at off-resonance. Although LSP resonance has been observed for many metal nanoparticles, only silver and gold are resonant with lasers in the visible light regime. Generally, the LSP wavelength of a silver TERS tip falls in the blue and green light region, whereas for a gold TERS tip, it falls in the yellow and red light region, as shown in Fig. 2b [26] . However, LSP wavelength is also dependent on the radius of the tip-apex. For example, for a silver tip with a radius smaller than 10 nm, the LSP wavelength may fall in the ultra-violet (UV) region. In principle, such tips can be used to conduct UV-TERS with a lower background signal from the substrate due to the low penetration depth of UV photons [27] .
In the near-field of the TERS tip, the intensity of Raman signal from the analyte molecules is proportional to the fourth power of the local electric field. Hence, for nearfield and far-field electric-field intensity E NF and E FF , respectively, the enhancement of Raman signal (ρ) is equal to [22, 28] 
The Raman enhancement factor (EF) in a TERS experiment is calculated using [29] EF
where I Tip − in and I Tip − out are the Raman peak intensities measured with the tip in contact and retracted from the sample; A FF is the area of the far-field laser probe; A NF is the effective area of TERS probe, which is usually estimated from the geometric diameter of the tip-apex. The term I Tip−in I Tip−out −1 is also described as "contrast".
Experimental set-ups
Optical geometries of a TERS set-up can be classified into three types: bottom (transmission mode), side, and top illumination, as shown schematically in Fig. 3 . Side and top illumination are also referred to as reflection modes. In transmission mode (Fig. 3a) , a laser beam is focused onto the sample through a transparent substrate using an objective lens with high numerical aperture (NA), which is usually >1.0 [29] . In this geometry, a radially polarised beam provides a tighter focus and stronger longitudinal Fig. 2 Antenna effect and plasmon characteristics of silver and gold TERS tips. a Incidence of p-polarised laser (k indicates the wave vector of the excitation laser) with electric field (E) parallel to the tip-axis at a metal or metal-coated tip causes the EM field intensity to be enhanced and confined at the tip-apex. Red colour represents a higher intensity of EM field. This image is calculated using COMSOL Multiphysics®. Tip radius: 15 nm. b Scattering of light from silver-and gold-coated silicon AFM tips. Figure (b) is reproduced by permission of IOP Publishing from reference [26] . Copyright 2013 IOP Publishing. All rights reserved electric field along the tip-shaft compared to linearly polarised beam in the focal place. Theoretical calculations and experimental results have shown that the EM enhancement using the radially polarised beam can be > 4 times stronger than that of linearly polarised beam [30, 31] . Although engineering implementation of the transmission mode set up is simpler, it is limited by the essential requirement of a transparent substrate.
In the side illumination set-up (Fig. 3b) , a linearly polarised beam (p-polarisation) [7] is focused onto the tip-apex from the side of the tip via a long working distance objective lens. Because the polarisation is parallel to the tip direction, a strong EM enhancement at the tip-apex can be obtained even with a low NA objective lens. This is especially beneficial for the TERS characterisation of nanoelectronic devices, where substrates are generally non-transparent. In the top illumination set-up (Fig. 3c) , the laser is focused from the top onto the end of a tilted STM tip [32] or a nose-type AFM tip [33] . In another type of reflection mode set-up reported by Zhang et al. [34] , the laser can also be focused onto the apex of a TERS tip normal to the sample via a parabolic mirror. This geometry has the advantage of being free from chromatic aberration, having a high NA (≈1) and a tight laser focus.
Tip preparation

Metal coating
It has been nearly 15 years since Zenobi and co-workers used Ag-coated silicon AFM tips to conduct the first TERS measurements [2] . Thermal evaporation in vacuum (10 −5 -10 −6 mbar) is still the most common method for preparing TERS tips. However, the yield of TERS tips showing large signal enhancement is usually quite low due to the random nucleation and growth process of metal nanoparticles around the tip-apex. The issue of low yield has been addressed by modifying the refractive index of an AFM tip prior to metal deposition, which leads to improvements in the plasmon resonance characteristics of the TERS tips. Yeo et al. reported a method to prepare Agcoated dielectric TERS tips [35] . A thin SiO 2 , SiO x or AlF 3 film was deposited on the tip surface prior to deposition of the Ag film. Tips prepared by this method were found to have a high EF with a yield close to 100 %. Taguchi et al. [36] also obtained almost 100 % yield of TERS tips by oxidising the silicon AFM tips to a thin layer of SiO 2 (≈300 nm) before Ag deposition.
Recently, Johnson et al. reported a novel method to prepare reproducible gold TERS tips using a template, which is shown schematically in Fig. 4a [37] . In this process, a pyramidal pit is etched on silicon and used as a template to fabricate a gold tip as shown in Fig. 4b . After lift-off from the template, the gold tip can be mounted onto the prong of a quartz tuning fork or a cantilever and used for TERS measurements. Since the size and shape of the pyramidal pits are well-defined and reproducible, enhancement from these tips is more consistent than those prepared by the conventional thermal evaporation method. Because of a thicker layer of metal, the durability of this type of TERS tips is also significantly improved.
Electrochemical etching
Electrochemical etching methods have been implemented by different research groups to obtain sharp and smooth metal tips [38] [39] [40] . For example, in the electrochemical etching of gold tips, a gold wire acts as the anode and a second electrode (gold or platinum) acts as the cathode (as shown schematically in Fig. 4c ). Both electrodes are immersed in an etchant and current is passed to etch away the gold wire until the meniscus drops off.
C. Williams and D. Roy [38, 39] used hydrochloric acid as the etchant for etching gold wires according to the following equations
Sharp gold tips with radius smaller than 10 nm (Fig. 4d) can be prepared by this method with high reproducibility. An electrochemical etching method using nitric acid and ethanol to produce sharp, smooth and reproducible silver TERS probes with a tipapex radius of 20 nm was reported by Lloyd et al. [40] . 
SPM feedback
TERS systems can be classified into three types according to the different feedback mechanisms used to keep the tip in contact with the surface: contact/tapping mode AFM, shear force and scanning tunnelling microscope (STM), shown schematically in Fig. 5a , b and c, respectively. Since an AFM system is more versatile in terms of usage on both non-conductive and conductive samples, many home-made and commercial TERS systems have adapted the AFM-based TERS setup, first reported by Stockle et al. [2] . In AFM a constant force of interaction is maintained between the cantilever and the sample using a feedback loop. Any deflection of the cantilever due to changes in the force of interaction is measured using a semiconductor laser, which is reflected from the back of an AFM cantilever onto a quadruple photo-detector, as shown in Fig. 5a . The silver or gold-coated AFM tips can usually provide a TERS resolution of 20 nm [13, 37] . However, oxidation of silver in ambient air makes the tips lose their enhancing capability within a few hours. Although contact-mode is the most commonly used AFM mode so far, some researchers have also reported strong enhancement of Raman signals using tapping-mode AFM TERS [41] [42] [43] . In shear force AFM mode, shown in Fig. 5b , a metal tip is mounted on to the prong of a quartz tuning fork. TERS measurements are conducted by positioning the tip at the centre of the laser focus, and accurately controlling the tip-sample distance using shear-force as the feedback [44, 45] . In case of STM-TERS, the tip-sample distance is controlled via a feedback loop using the tunnelling current between the tip and sample, as shown schematically in Fig. 5c . STM-TERS can be used to measure conductive and semiconductive samples on conductive substrates. High spatial resolutions of 0.5 nm and 1.7 nm have been achieved using this scheme in reflection mode geometry [7, 46] . Although most STM-TERS microscope are operated in reflection mode, transmission mode measurements on transparent conductive substrates such as indium tin oxide (ITO) and thin coating (<20 nm) of metal on glass substrates can be realised.
TERS applications
Spontaneous Raman spectroscopy has been used as a label-free chemical characterisation tool in materials science [47] , chemical engineering [48] and recently in biology [49] . Tipenhanced Raman spectroscopy extends the spatial resolution of the technique to the nanometre length-scale. Attempts have been made to use TERS to study a range of nanostructured materials and biological samples, and have provided insights into the structure and chemistry of these systems that are not possible to obtain by conventional analytical 
Pathogens
Development of target-specific, non-toxic and cost-effective drugs is underpinned by comprehensive understanding of the structure, dynamics and function of pathogens such as bacteria and viruses. TERS can provide label-free, nanoscale chemical information that can be used to measure localised composition of specific components on a pathogen's surface. It can facilitate investigation of biological processes such as host-pathogen interactions, bacterial adhesion, formation of biofilms and bacterial pathogenesis [42] . The first TERS spectrum from a bacterial surface was reported by Neugebauer et al. [42] . In this work, peptides and polysaccharides Raman bands, typical of a bacterial surface could be identified in the near-field spectra with an enhancement factor of 10 4 -10
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. Furthermore, consecutive TERS spectra measured at the same location showed variation in peak intensity and positions of some bands indicating the protein dynamics at the cell surface induced either by the cellular processes or the interaction with the TERS tip. This demonstrated the feasibility of studying complex biological systems such as bacteria using TERS.
TERS investigation of a virus surface was carried out by Cialla et al. [50] . Raman bands corresponding to the protein coating and ribonucleic acid (RNA) of a single tobacco mosaic virus (diameter ≈ 20 nm) were detected in the near-field spectra with a high degree of reproducibility. The authors attributed the variation in the intensity and position of the Raman bands in the near-field to the difference in orientation of the protein and RNA molecules in the vicinity of the TERS tip at different locations on the virus surface.
Wood et al. applied TERS to probe hemozoin crystals in the digestive vacuole of a sectioned malaria parasite-infected single red-blood cell with a spatial resolution of less than 20 nm [17] . TERS spectra clearly showed the characteristic hemozoin bands consistent with a five-coordinate high-spin ferricheme complex, which could be correlated to a precise position on the crystal by comparison with the AFM topography image. Averaged near-field spectra from different locations on a cell showed reproducibility over a few cells.
The aforementioned studies indicate that TERS can also be used to monitor the interaction of pathogens with their hosts or antibiotics and guide the design of therapeutic drugs that specifically bind to the correct part of the infected cell. Furthermore, the study by Cialla et al. shows that TERS can also be successfully used for rapid identification and characterisation of nanoscopic pathogens such as viruses, which is beyond the remit of confocal Raman spectroscopy due to the diffraction limit. However, the exploitation of the full potential of TERS for studies of biological samples in general and pathogens in particular, requires development of more active TERS probes with high plasmonic enhancement that can capture dynamics on a cell surface with a low spectra integration time. The more active probes can also preclude thermal damage to the samples by using low laser power and permit high-resolution chemical imaging instead of only point spectroscopic measurements. A persistent problem in performing TERS on biological samples is the contamination of TERS probes with the sample molecules, which often leads to spurious results. Low-force AFM mode such as non-contact AFM-TERS mode causes less sample damage and therefore is beneficial to study soft biological samples [17, 18, 20, 21, 42, 43, 50] .
Lipid membranes
Supported lipid bilayer and human cells were investigated by Böhme et al. using TERS [18] . To determine the specific components on the cell surface, Palmitoyloleoylphosphatidylcholine/dioleoylphosphatidylserine (POPC/DOPS) -supported bilayer was used as a model cell membrane and its TERS spectra were correlated with the nearfield spectra from human dermal derived keratinocyte (HaCaT) cells. A high signal to noise ratio (SNR) with a reasonably short acquisition time of 1 s was obtained in all near-field spectra. Characteristic Raman modes of the phosphate-containing head-group, which was expected to be in the vicinity of the TERS tip, could be clearly observed in the near-field spectrum of the lipid bilayer. Several lipid bands were observed in the human cell spectrum along with bands from other cellular components such as oligosaccharides and proteins, thus providing a detailed label-free image of a complex biological sample.
Opilik et al. carried out the nanoscale chemical imaging of phase-separated lipid domains [51] . Using Raman bands from C-H stretching vibrations, TERS maps (128 × 128 pixels) of 1,2-dipalmitoyl (d62)-sn-glycero-3-phosphocholine/1,2-Dioleoyl-sn-glycero-3-phosphocholine (d62-DPPC/DOPC) mixed monolayer on template-stripped (TS) gold surface with < 50 nm spatial resolution were obtained. These results clearly demonstrated that TERS could be used to obtain reproducible Raman spectra from a very small number of lipid molecules and hence could be used for the nanoscale investigation of cell membranes.
Lipids are the fundamental building blocks of biological cell membranes and mediate the interaction of a cell with its external environment such as drugs, pathogens and neighbouring cells involved in biological processes such as cell signalling. Unlike the labelling fluorescence microscopy techniques, TERS provides label-free measurement of molecular distribution on a cell membrane at the nanoscale. Other advanced Raman techniques such as coherent anti-Stokes Raman spectroscopy (CARS) and stimulated Raman scattering (SRS) are not sensitive enough for the same measurements. Furthermore, the short sampling time of TERS measurements allows insights into the molecular dynamics on the cell membranes, which can be exploited for the rational design of effective drugs. However, to truly achieve this goal in situ TERS measurements on live cell membranes in aqueous environment are desired along with the underpinning metrology to carry out successful TERS imaging in liquid.
Nucleic acids
TERS investigation of a single RNA strand was carried out by E. Bailo and V. Deckert [43] . Seven TERS spectra were reported along a single cytosine strand with good SNR of about 200:1, originating from 30-60 bases. This indicated that each base contributed an SNR of 3-7 to the near-field spectrum, indicating the single-base sensitivity of the TERS measurements. On the basis of this SNR for a single RNA base, a direct and non-destructive sequencing procedure for deoxyribonucleic acid (DNA) using TERS was proposed.
Molecular characterisation of DNA double strand breaks (DSBs) with TERS was carried out by Lipiec et al. [19] . They investigated the susceptibility of DNA bonds to radiation damage by irradiating pUC18 circular plasmid DNA as a thin-film in an aqueous solution using a lamp emitting ultraviolet C (UVC) radiation. Based on the observation of intense bands associated with CH 2 /CH 3 and P-O-H bending modes, O-C cleavage was found to be the most common form of DNA damage. From the TERS spectra it could be confirmed that the DSBs mainly resulted from 3'-and 5'-bonds of deoxyribose upon UVC radiation exposure.
Combed double-stranded (DS) DNA immobilised on a glass surface were investigated using TERS by Najjar et al. with a resolution ≈ 9 nm [8] (Fig. 6) . A TERS spectrum with Raman modes of DNA nucleobases and backbone containing phosphodiester and sugar groups was obtained. Single-stranded (SS) and DS DNA were clearly distinguished using O-P-O group modes, which demonstrated that DNA hybridisation could be detected using TERS.
DNA bases have characteristic Raman spectra, and with substantial increase in spatial resolution and sensitivity TERS can be used to identify individual bases of DNA. This can be particularly useful when the amount of sample is not enough for other existing methods as for example forensic and archaeological investigations. However, a routine utilisation of TERS in these cutting edge applications demands significant improvements in the current state of the art of TERS systems.
Amino acids
The capability of TERS to provide information about the coordination sites of a peptide on a metal surface was demonstrated by Deckert-Gaudig et al. by investigating a short peptide immobilised on a 15 nm thin single transparent gold nanoplate [20] . They To compare the Raman spectra obtained by conventional Raman, SERS and TERS, on a biological sample, Blum et al. carried out a study of bovine serum albumin (BSA), phenylalanine and tyrosine, using all three techniques with the same excitation wavelength [52] . Interestingly, fewer Raman bands were observed in the TERS spectra compared to the SERS and Raman spectra. In contrast to the previous reports, spectral positions of the Raman bands were found to be unchanged in all the three techniques, although the relative band intensities did vary. The results of this study provided useful guidelines for the interpretation of TERS spectra of biological samples and assignment of marker bands for proteins to track their distribution in complex biological specimens.
Kurouski et al. carried out TERS investigation of insulin protofilaments and fibril polymorphs [21] . TERS spectra showed that the twisted insulin fibrils contained a higher concentration of tryosine (Tyr), proline (Pro) and histidine (His) amino acid residues on their surface as compared to flat fibrils, which had a relatively higher surface abundance of cysteine (Cys). Insulin protofilament surfaces were found to have the Raman vibrational mode of carboxyl groups located at twice the frequency compared to the mature fibrils and a very small amount of Tyr and phenylalanine (Phe) amino acid residues compared to both flat and the twisted fibrils. Frequency of the Cys vibrational modes was found to be the same as flat fibrils but twice that of twisted fibrils, indicating that Cys is involved in the formation of twisted fibrils and not the flat insulin fibrils. These results demonstrated the plausible use of TERS to characterise surface amino acid composition and protein secondary structure to understand the mechanisms of fibril growth and propagation that hold the keys to prevent or slow down the progression of various neurodegenerative diseases.
These results indicate that the high spatial resolution and sensitivity of TERS can be exploited to investigate protein structures for pharmaceutical research. Furthermore, inherent complexity of investigating individual molecules calls for underpinning metrology to accurately analyse and interpret TERS spectra. Blum et al. have taken the first step in this direction by comparing Raman spectra of molecules obtained by conventional Raman, SERS and TERS. However, further systematic metrology studies need to be conducted to correlate the Raman peak intensities to the actual amount of substance being probed. In this regard, establishment of a database containing the standardised TERS spectra would be highly beneficial.
Catalysis
Properties of catalytically-active surfaces are known to be spatially and temporally heterogeneous [53] . Hence, rational design of catalysts requires identification of catalyticallyactive sites and measurement of their local properties. Due to its nanoscale spatial resolution, TERS has the potential to monitor chemical reactions and molecular dynamics occurring at a single catalytic site. Lantman et al. demonstrated this with a photocatalytic reaction in which an Ag-coated TERS tip acted both as a catalytic site as well as a nanoscale antenna to plasmonically enhance the Raman signal from the analytes [10] . On exposure to a green laser (532 nm), a self-assembled monolayer (SAM) of p-nitrothiophenol (pNTP) molecules adsorbed on Au nanoplates underwent a photocatalytic reduction at the apex of TERS tip to p,p′-dimercaptoazobisbenzene (DMAB). The reaction was monitored with TERS spectra collected using a red laser (633 nm). Time series Raman spectra before and after the reaction clearly showed the Raman bands corresponding to pNTP decrease and DMAB increase in intensity over time.
Recently, Kumar et al. have reported nanoscale chemical mapping of a photocatalytic reaction using TERS [54] . In this study photocatalytic oxidation of p-mercaptoaniline (pMA) to p,p′-dimercaptoazobenzene (DMAB) on a silver catalyst surface was used as a model reaction. The authors first mapped the reaction at a single point of contact of the Ag-coated TERS tip with a reactant substrate. The reaction was then inhibited by protecting the TERS tip with a thin layer of alumina while maintaining the near-field enhancement of the probe. These alumina-protected probes were then used to map the reaction-spots on an Ag-substrate containing a distribution of Ag nanoparticles with 20 nm spatial resolution as shown in Fig. 7 .
Despite the known advantages of a high chemical sensitivity and spatial resolution, only a handful of TERS studies of catalytic reactions have been reported so far [10, 54, 55] . However, the recent work by Kumar et al. demonstrates that it is possible to image the reaction at a catalytically-active site with nanoscale resolution. The use of alumina-protected TERS probes is an effective method of blocking the catalytic interference from Ag and Au while maintaining their enhancement factor. This paves the way for the use of TERS for investigation of heterogeneous catalytic reactions on solid-liquid and solid-gas interfaces.
Polymer blends
TERS has been successfully applied to the study of polymer-blends revealing numerous novel insights. Nanoscale probing of the surface composition of a polystyrene-polyisoprene (PS-PI) blend film with AFM-TERS was carried out by Yeo et al. [56] . In this study, TERS The authors identified PI and PS at the surface and sub-surface, respectively and discovered the presence of sub-surface nanopores in the PS film; these results couldn't be obtained using other characterisation techniques. However, only individual TERS spectra from different locations on the surface of the polymer blend were obtained in this work. Xue et al. reported the first high-resolution TERS image of a poly (methyl methacrylate) (PMMA):poly (styrene-co-acrylonitrile) (SAN) polymer blend [57] . A contrast of 15 was achieved in the near-field vs far-field spectra that allowed high resolution mapping of the blend with a much smaller exposure time. Phase-separation behaviour of the blend was monitored using TERS mapping after 2 and 5 min of annealing at 250°C. A detailed analysis of the interface of different phases showed an interfacial region of 200 nm at an early stage of phase evolution. A phase inversion due to an unexpected transition of PMMA from the dispersed phase to the continuous phase was observed.
The studies discussed in this section indicate that the interfaces between the polymer blend components can be successfully investigated with a nanoscale resolution using TERS. However, thermal degradation of some polymer films may contaminate a TERS probe, hence, a low laser power on the sample may be required to acquire a TERS spectrum. A combination of low laser power and low Raman cross-section of polymerblends increases the integration time for spectra with SNR > 10, and can lead to TERS imaging times of several hours putting stringent demands on the stability of the TERS system [57] . These issues can be overcome by development of TERS probes with high plasmonic enhancement providing a high SNR in the near-field spectra with a relatively short integration time.
Organic solar-cells
The photophysical processes in the photovoltaic solar-cell polymer blends occur at the nanoscale [58] . The morphology of the blend components determines the efficiency of exciton dissociation and charge transport to the electrodes. Therefore, optimisation of blend morphology is the major bottleneck in increasing the power conversion efficiency of solar-cell devices. TERS has been successfully utilised for nanoscale chemical mapping of the components in the photovoltaic polymer blends. Wang et al. demonstrated this by TERS imaging of domains in poly (3-hexylthiophene): [6, 6] penyl-C61 butyric acid methyl ester (P3HT:PCBM) films for solar-cells at optical resolution of 9 nm [9] . They investigated the influence of thermal annealing (150°C for 5 and 30 min) on photovoltaic blend films and found that the PCBM molecules aggregated into micrometre-and nanometre-size clusters after annealing times of 30 and 5 min, respectively. By acquiring the morphological and spectroscopic information simultaneously, the authors were able to quantitatively reveal the local photoluminescence (PL) quenching efficiency, which is related to the electron transfer from P3HT to PCBM.
Many solar-cell polymer blends rapidly degrade in ambient air due to presence of oxygen and moisture under laser illumination [59, 60] . Therefore, the TERS measurements require an inert environment such as nitrogen or argon. Furthermore, in TERS spectra from these samples a broad PL band such as that from P3HT may overlap with the Raman bands; therefore, a reliable fitting procedure is required to accurately deconvolute the Raman and PL bands in order to measure their intensities [61] .
Crystalline and semiconductor materials
The non-destructive and high-throughput requirements of the semiconductor industry make Raman spectroscopy the technique of choice for the characterisation of semiconductor materials [62] . With the shrinking of semiconductor devices to the nanoscale, TERS is expected to play a significant role in their chemical characterisation. Silicon is the first and the most investigated bulk semiconductor using TERS so far [11, [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] . Because the spatial fluctuations of strain can be deleterious for the performance of silicon devices, the nanoscale probing of strain in silicon has stimulated significant interest [63] [64] [65] [69] [70] [71] . Introduction of strain in silicon using a SiGe buffer layer is a wellknown technique to enhance carrier mobility [73] , which was used by Intel for the first time in the 90 nm process technology [74] . The strain-induced shift of the first order 520 cm -1 Raman peak associated with optical phonons in silicon has been used to spatially map stress variations using TERS, with a lateral resolution of 20-25 nm [11, 70] . A similar resolution has been achieved in the strain-mapping of patterned SiGe structures [75] . A practical issue in the TERS measurements on bulk semiconductors is the presence of far-field artefacts in the near-field signal. For silicon, this has been addressed in several works by means of crystal symmetry considerations [11, 63, [65] [66] [67] [68] [69] . This idea exploits the fact that the TERS tip induces a depolarisation in the near-field, thus allowing separation of the far-field signal contribution (polarised) from the near-field signal (depolarised) using an analyser. With this approach, a maximum contrast of 40 has been achieved [66] . TERS on SiC samples has been reported by K. F. Domke and B. Pettinger, who used graphene adlayers conductivity to keep an STM tip into tunnelling contact with the surface [76] . This work also highlighted the signal enhancement of different Raman vibrational modes due to presence of electrical charge on the sample surface.
The ability of TERS to probe the phonon symmetry at the nanoscale has been demonstrated by studying LiNbO 3 [77] and BaTiO 3 [78] nanocrystals. In particular, the longitudinal optical (LO) mode of BaTiO 3 , which is characteristic of the tetragonal phase and consequently of the ferroelectric state, has been used to image ferroelectric domains as shown in Fig. 8 [78] . This study provided evidence of spontaneous Fig. 8 Optical nanocrystallography using spatially-resolved TERS. a Topography image of a BaTiO 3 nanorod. b Ferroelectric domain image acquired using the spectrally integrated TERS signal. c Cross-section profiles along the dashed lines marked in (a) and (b). d Assignment of domains according to the Raman selection rules for the TERS configuration used in reference [78] . Reprinted by permission from Macmillan Publishers Ltd: NATURE NANOTECHNOLOGY [78] , copyright (2009) ferroelectric domains within a single crystal of BaTiO 3 with a size of several hundreds of nanometres, comparable with the usual size of single domains in bulk dielectrics [78] .
A few TERS studies have been reported on III-V nitride semiconductors [79, 80] . The relative intensities of the Raman modes have been used to probe orientations of the crystal faces of GaN thin-films at the nanoscale [79] . Nanoscale defects have been identified by means of the forbidden GaN Raman mode at 668 cm −1 , which is otherwise undetectable using conventional Raman spectroscopy due to its weak intensity [79] . Vertically-aligned GaN nanorod arrays with nonpolar InGaN/GaN multi quantum wells (MQW) have been recently investigated using TERS [80] . Fluctuations of a few percent of In content in the InGaN layer were identified with a lateral resolution below 35 nm along with the chemical composition, charge distribution and strain in the MQW [80] .
TERS brings several advantages in terms of non-destructiveness and the variety of information that can be garnered at the nanoscale from the crystalline and semiconductor materials. In contrast to confocal Raman spectroscopy, the assumption of Raman scattering being an incoherent process is not valid for TERS, and this could be used to measure the correlation length of phonons in crystals (both in their bulk and 2-D forms), which has so far been obtained for graphene only [81] . The polarisation of the incident and scattered field is also valuable for the study of crystalline materials as it is directly linked to their crystalline arrangement which, in turn, determines their symmetry and vibrational properties. However, a major challenge for TERS is that the near-field polarisation is dictated by the plasmon excitation as well as by the morphology of the tip, the latter being less reproducible.
1-D materials
Carbon nanotubes (CNTs) are the most widely-studied nanomaterials using TERS so far [12, 46, [82] [83] [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] [95] [96] [97] [98] [99] [100] . 1-D structures like single wall CNTs (SWCNTs) are the preferred samples to demonstrate the high resolution capability of a TERS instrument. These have also been used to calculate contrast and enhancement factor of TERS probes. A novel methodology to estimate the enhancement factor of a TERS probe using a CNT was proposed by Roy et al. [101] . This method involved deconvoluting the near-field and far-field Raman signals by fitting two Gaussian curves to the line profile across the TERS image of a SWCNT [101] . Roy and Williams demonstrated that a radially polarised annular beam improves both the spatial resolution and the contrast of a TERS measurement [92] . Weber-bargioni et al. used SWCNTs to test the spatial resolution of novel nanofabricated coaxial antenna tips [97] . More recently, Chen et al. used CNTs to demonstrate a spatial resolution of 1.7 nm with an STM-TERS system at roomtemperature [46] .
The synthesis of CNTs results in bundles that often contain a variety of tubes with different structural properties. Since the first TERS experiments, near-field Raman spectroscopy has been a versatile technique to probe nanoscale variations in chirality, diameter, defects, strain and doping of CNTs [82, 83] . Anderson et al. performed TERS imaging on arc-discharge and CVD-grown SWCNTs [84] and found a high localisation of the radial breathing mode (RBM) intensity in the arc-discharge SWCNTs, compared to the CVD-grown SWCNTs, which was attributed to the spatial variations in structure along the tubes. Georgi and Hartschuh estimated the spatial extent (≈2 nm) of the scattering process responsible for the D-peak (defect-activated peak in carbon systems) [91] . Because of the strong coupling of the electrons and phonons in sp 2 -hybridised carbon structures, doping can be easily probed using Raman spectroscopy [102] . Maciel et al. investigated nitrogen-, phosphorous-and boron-doped SWCNTs using TERS, and found evidence of a defect-activated peak, that was called G' D (G' mode at~2700 cm
in defective graphite) [87] . Using the frequency of the G' D mode they were able to localise the electron and phonon confinement near the defect sites, and discriminated between n-and p-doping. In the same experimental set-up, near-field photoluminescence showed a highly localised light emission from the negatively charged defects. Peica et al. demonstrated the capability of TERS to differentiate the CNT diameters by means of the nanoscale observation of the RBMs [93] . Chirality of the tubes was determined using a combination of RBM and G − mode frequencies [93] . Similarly, chirality variations within a single CNT have been reported by Anderson et al. [12, 86] . Recently, Okuno et al. were able to use TERS to identify the localised deformations at the position where two CNTs cross each other and observed a transition from semiconducting to metallic behaviour, indicated by the asymmetric contribution to the shape of the G − -band (Fig. 9 ) [12] . Similarly, Yano et al. studied the effect of strain on near-field Raman scattering by intentionally deforming the CNTs with an AFM tip [100] . The level of strain was Spectrum at point (iii) and (iv) shows two additional peaks, with asymmetric Fano (peak 3) and Lorentzian (peak 4) line-shape, respectively. d Magnification of the spectra far (point ii) and near (point iv) the junction. Reprinted with permission from reference [12] , Copyright 2013 by the American Physical Society found to depend on the chirality and the diameter of the CNTs, which was attributed to the variation in friction coefficients of different CNTs [100] .
TERS has also been applied to study nanotubes and nanowires other than CNTs. Marquestaut et al. studied isolated GaN nanowires, and reported that the near-field enhancement factor depends on the symmetry of the specific vibrational mode [103] . Böhmler et al. were able to image single CdSe nanowires using tip-enhanced Raman and PL spectroscopy, thus differentiating the PL energy emission of nanowires with different diameters [104] . Finally, Ogawa et al. reported a nanoscale TERS mapping of a single Ge nanowire, and estimated the fraction of crystalline and amorphous content of Ge [105] . These studies demonstrate the progress in nanoscale spectroscopy and imaging of 1-D nanostructures using TERS in order to obtain new information about these materials.
As the aforementioned studies indicate, 1-D nanostructures such as SWCNTs are convenient samples to test the spatial resolution of a TERS system due to their small radius, which is < 1 nm. Therefore, SWCNTs are good candidate as a metrological reference sample to compare the spatial resolution of TERS systems in different research labs.
2-D materials
The discovery of graphene in 2004 has given rise to a surge in research activities on 2-D materials with novel properties, which can be used in applications such as electronics, optoelectronics, spintronics, batteries and catalysis, and can be stacked in heterostructures to engineer new materials [106] . Confocal Raman spectroscopy has been a primary tool to characterise 2-D materials. This is especially valid for graphene, which shows two prominent features in the Raman spectrum, due to in-plane vibrations of the carbon atoms: the G-peak at 1580 cm −1 and the 2D-peak at 2700 cm −1 [102] . The D-peak is observed at 1350 cm −1 , which is activated in the presence of defects [102] .
2D-peak is the second order overtone of the D-peak. The high sensitivity and spatial resolution of TERS can be a powerful tool particularly for nanoscale 2-D devices [107] . The first reported TERS spectrum of graphene by Hoffmann et al. dates back to 2008 [108] . In the following year, Domke and Pettinger reported a study on 6H-SiC substrates with graphene adlayers using STM-TERS [76] . The TERS signal enhancement was found to be lower for graphene than SiC, and this discrepancy was attributed to polarisation-dependence of the enhancement. In the same year, Saito et al. published a TERS map of a few-layers graphene flake in transmission mode, with a spatial resolution of ≈ 30 nm. Fluctuations in the 2D-peak within a single flake were attributed to a local strain distribution, whereas the local variation in the G-peak width and position, suggested an inhomogeneous and unintentional doping. A theoretical treatment of the near-field enhancement in 2-D systems has been recently published [109] , although experimental verification is yet to be reported. Despite the high spatial resolution of TERS maps, it is observed that enhancement of the Raman bands of graphene is weak due to their in-plane vibrations [76] . The near-field interactions between the probe and graphene are complex due to orientations of the electric field and the in-plane Raman tensor. Hence, the mechanism of signal enhancement in graphene is yet to be fully understood. Stadler et al., performed TERS mapping of CVD-grown and mechanically-exfoliated single-layer graphene with a resolution of less than 12 nm [110] . They were able to identify defects, edges, hydrogen-terminated and other contaminated areas within a graphene flake with sub-diffraction-limited resolution, which otherwise cannot be resolved with confocal Raman spectroscopy. Several works on graphene have focused on the Raman characterisation of defects, using the D-peak. These include point defects, i.e. vacancy or dopant, or line defects, i.e. grain boundaries. Despite the reported TERS resolution of ≈ 1 nm for singlemolecule imaging in vacuum (see the next section for details), mapping of a single nanometre-sized defect on graphene using TERS has not been reported yet. On the other hand, Su et al. reported TERS image of a graphene edge using the D-peak intensity. The spatial extent of the D-peak, i.e. the phase-breaking length was evaluated to be ≈ 4.2 nm [13] , which is of the same order of magnitude as reported in the literature [111] (Fig. 10) .
Structural deformations in 2-D materials can also be induced in-situ by means of the TERS tip. For instance, Snitka et al. fabricated tips by flattening Au microwires for tapping mode AFM-TERS, and studied the effect of tip pressure on graphene [112] . They observed that the tip-induced local strain caused fluctuations in the 2D-peak intensity. Analogously, Weng et al. reported TERS experiments where a suspended graphene sheet was locally deformed by applying a voltage to the tip. Using this approach they estimated the Young's modulus of graphene to be 1.48 TPa [113] .
Currently, the scientific research on applications of 2-D materials in nanoscale optoelectronic devices is quite fervent around the world. Hence, evaluation of the quality, defect density and localised properties of devices based on 2-D materials necessitates the need for nanoscale characterisation. A tip-enhanced optical apparatus can not only be used for high resolution Raman mapping of such devices but also can also allow simultaneous multi-parameter measurements of photocurrent, PL and second harmonic generation. Therefore, a tip-enhanced setup may be regarded as a broad nanoscale optical spectroscopy tool, which can be applied to the study of localised PL and excitonic properties in 2-D transition metal dichalcogenides. However, the effect of doping from the metal-coating of the tip is likely to influence such measurements. Hence, protection of the TERS probes with an ultrathin insulating layer such as alumina can minimise or block such tip-sample interaction while still maintaining the plasmonic enhancement at the tip-apex allowing accurate measurement of the intrinsic local vibrational and excitonic properties of such 2-D materials.
Single molecule detection
Single molecule spectroscopy has fascinated scientists for many decades and attempts have been made to understand the difference in molecular behaviour in an ensemble [114] . Even though single-molecule imaging with atomic resolution is achievable using non-contact AFM [115] and STM [116] , chemical information cannot be obtained with these techniques. The first demonstration of single-molecule detection with Raman spectroscopy dates back to 1997 -that was accomplished using SERS enhancement from metal nanoparticles on single rhodamine 6G molecules at room temperature [117] . Raman polarisation behaviour and sudden temporal spectral changes supported the evidence that Raman signal was being detected from a single molecule [117] . About a decade later single molecule sensitivity on a length scale of 10 nm was reported using TERS [118, 119] . Using AFM-TERS, Neacsu et al. probed single molecules of malachite green adsorbed on a metal surface [118] . The detection of an individual molecule was supported by the observation of temporal variations in the relative intensities of the peaks. Similar observations were reported by Zhang et al. using STM-TERS to investigate brilliant cresyl blue (BCB) on a metal substrate [119] . The temporal fluctuations of the intensities of the Raman peaks were used to support the detection of a single or a few molecules. In 2006, Steidtner and Pettinger imaged BCB molecules using ultra-high vacuum (UHV) TERS, which decreases photobleaching, thus allowing much longer laser exposure times than in the presence of oxygen [120] . The sharp focus (≈ λ/2) obtained by a parabolic mirror with high NA along with an enhancement of 10 6 due to the gap-mode configuration, made the mapping of a single molecule possible with a spatial resolution of 15 nm [121] . More recently, the imaging of a single molecule of H 2 TBPP with sub-nm resolution (Fig. 11 ) has been achieved, with a clear resolution of the four distinct lobes of the molecule [7] . This record resolution was obtained by means of a finely-tuned doubleresonance mechanism responsible for a large field enhancement. As reported previously in similar studies, the laser wavelength was chosen to match a vibronic transition of the molecule [118, 119, 121] . Additionally, the gap between the metal tip and the metal substrate, was tuned to match the nanocavity plasmons with the energy of the Raman scattered photons.
These single molecule studies demonstrate the sensitivity and spatial resolution achievable in TERS experiments. The capability to map molecules at the nanoscale will in future provide powerful new insights into molecular adsorption and reaction dynamics at surfaces, ultimately enabling manipulation of process selectivity, for example in catalytic reactions.
Review and conclusion
In the last 15 years, TERS has emerged to be an effective tool for nanoscale chemical and structural characterisation of surfaces. Being an ambient technique it is rapidly defining its unique capability as a label-free nondestructive nano-tool. TERS doesn't require high vacuum or cryogenic temperatures for its operation and has been applied in both air and liquid environments. At the early stage, nanoscale materials with large Raman cross-sections such as carbon nanotubes have been the preferred sample; however, recently biological and crystalline materials having much smaller Raman crosssections, have also been characterised at the nanoscale. The investigation of biological samples such as pathogens, lipid membranes, nucleic acids and amino acids highlight the possibility of chemical measurements of biological system at the nanometre lengthscale without labelling. Another area where TERS is likely to have a large impact is the field of nanoscale electronic and optoelectronic devices employing semiconductor, 1-D and 2-D materials. As the device size shrinks below 20 nm, TERS would find a niche in characterising these devices.
For a long time the issues related to tip-yield and reproducibility have slowed down the utilisation of TERS. However, significant progress has been made to resolve these problems with several groups reporting nearly 100 % yield of TERS probes [35, 36] . The strategy of reducing the refractive index of the AFM tip prior to metal deposition has proved to be very effective in improving the plasmon resonance characteristics of the TERS probes. Furthermore, a recent interlaboratory study carried out by Zenobi group has demonstrated that TERS spectra from the same sample can be reproduced in different labs around the world [6] . Furthermore, reference samples are required for verifying the performance of TERS instruments, TERS probes and optimisation of tipfabrication procedures. Progress has been made in this direction and effective reference methodologies for an accurate characterisation and comparison of TERS probes have been reported [29, 101, 122] . These reference methods are expected to accelerate uptake of the technique and facilitate development of commercial TERS probes.
The physics of high signal-enhancement mechanism and sub-nm resolution is not fully understood yet. Recent results of 0.5 nm spatial resolution and imaging a single molecule by Zhang et al. have opened up the debate on the singular contribution of the electric field enhancement in the gap-mode [7] . Chemical enhancement is attributed to be the mechanism for very high signal enhancement; however, it does not explain the unexpectedly high spatial resolution observed in the recent report [7] . The possibilities of stimulated Raman scattering and contribution of hot-electrons have been invoked to explain the mechanism of high enhancement [123] . Further research is required to understand the enhancement mechanism in TERS. However, with the recent progress in tip-yield, automation of instrumentation, and preparation of effective reference samples and standards, TERS can become a routine analytical technique with unique capability of chemical characterisation at <50 nm spatial resolution.
